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Solution and Bulk Properties of Branched 
Polyvinyl Acetates 
Part 1: Non-Newtonian Viscosity Behaviour 
L. M. HoBBs* and V. C. LONGt 
A ser;es o[ linear and branched fractions o[ polyvinyl acetate o[ relatively 
narrow molecular weight distribution was prepared and characterized by 
solution viscosity, hydrolysis, and light scattering measurements. A t  a given 
molecular weight, the intrinsic viscosity of a branched fraction was less than 
that of a linear fraction. The viscosity loss which takes place alter removal 
of branches, by hydrolysis followed by re-acetylation, is a sensitive indication 
o[ the presence of branching in polyvinyl acetate. However, the process is 
not quantitative because of the presence o[ nonhydrolysable branches in the 
branched polymer. Benzene solutions of linear and branched polymers above 
a molecular weight o[ about 2 x i 0  e were significantly non-Newtonian in 
character. The major [actor contributing to the non-Newtonian behaviour 
was found to be molecular weight rather than structure. There[ore, even 
though the intrinsic viscosity of a high molecular weight fraction is dependent 
on shear rate, the ratio of the intrinsic viscosities of branched to linear frac- 
tions of the same molecular weight (a term used in the estimation o[ the degree 
o[ branching) is not sensitive to shear rate. Since the shear sensitivity or 
degree of non-Newtonian viscosity behaviour is dependent upon molecular 
weight, it is possible to detect the presence of branching in polymers o[ molecu- 
lar weight greater than 2 X l O  e by comparison o] the shear sensitivities o/ 
branched and linear fractions o] the same intrinsic viscosity. 
THE work described in this paper and in parts of three further publications 
represents a continuation and extension of an earlier publication on the 
effect of branching on the viscosity of dilute solutions of polyvinyl acetate t. 
In this, the first paper of the present series, the preparation, fractionation, 
and characterization of linear and randomly branched polymers of vinyl 
acetate will be described. The fractions were characterized by dilute solution 
viscosity, light scattering, and hydrolysis measurements. The effect of the 
rate of shear upon the viscosity of dilute solutions was also observed and 
will be discussed in terms of the molecular weight and structure of the 
fractions. 
The synthesis of comb-shaped branched polymers of vinyl acetate by a 
grafting technique is described in the second paperL By that process 
branches of specified length and number were attached to backbone linear 
polymers of narrow molecular weight distribution. 
A comparison of some dilute solution properties for fractions of linear, 
randomly branched, and the comb-shaped branched polymers is presented 
*Present address: Bennettsville. South Carolina. 
tPresent  address: E. I. du Pont de Nemours and Co.. Wilmington. Delaware.  
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in the third paper~; and the effects of branching on the melt viscosity of 
polyvinyl acetate will be described in the fourth and final paper of this 
series 4. 
E X P E R I M E N T A L  
The experimental procedures and techniques employed in this study have 
been described in detail 1" 5 and are reviewed below. 
Preparation of samples 
Polymerization--Five unfractionated polymers of vinyl acetate were 
utilized. Samples 1, 2 and 3 were described previously 1. Samples 1, 2 and 5 
were linear in structure and were prepared by similar techniques. Sample 5 
was actually a combination of three batches formed at low conversion by 
photopolymerization at -190C with azo-bis-isobutyronitrile as the photo- 
sensitizer. The polymerization data are recorded in Table 1. Such con- 
Table 1. Polymerization data for the three components of sample 5 
Sample No. 

























*Ultra-violet source: 100 W mercury lamp at 30 cm. 
ditions are reported to yield essentially linear molecules s'7. The fact that 
the intrinsic viscosities of sample 5 and two of its fractions were not signi- 
ficantly reduced after hydrolysis and re-acetylation, as shown in Table 4, 
is strong support of the assumption that the material is linear in structure. 
Samples 3 and 4 were of the commercial type, prepared by the suspension 
polymerization method to high conversion at a relatively high temperature. 
Both were highly branched and high in molecular weight but entirely 
soluble in benzene. Both samples were prepared by Mr WeUman of the 
Colton Chemical Company, Cleveland, Ohio, by a technique similar to that 
described by Schildknecht 8. The substantial reduction of the intrinsic 
viscosities of sample 4 and several of its fractions after hydrolysis and re- 
acetylation, as shown in Table 4, indicates that the material is highly 
branched. From the method of preparation it is considered that the branch- 
ing is random in nature. 
Fractionation--The samples were fractionated by the partial precipitation 
method using the solvent-non-solvent system of acetone-n-heptane 1 at 
35.0 ° +0.02°C. The polymer concentration was 10 g/1. or less during the 
fractionations. After isolation, the fractions were dissolved in benzene and 
recovered by freeze drying. Most of the primary fractions were subjected 
to a second fractionation and some of these secondary fractions were sub- 
jected to an additional fractionation. A code used to designate the fractions 
consists of a series of digits: the first digit denotes the unfractionated 
sample, the second indicates the primary fraction in order of its isolation, 
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and the third and fourth digits have similar significance for the secondary 
and tertiary fractions, respectively. The fractionation data for the fractions 
of samples 4 and 5 are listed in Tables 2 and 3. 
























































































































Hydrolysis and re-acetylation 
The procedures employed were similar to those described by Wheeler 
et a l )  and the results are tabulated in Table 4. Polymer was hydrolysed by 
treating a methanolic polymer solution (0"75 g/dl) with ten parts of a five 
per cent solution of potassium hydroxide in methanol. The reaction mixture 
was held at 35°C for five to ten hours until the precipitation of polyvinyl 
alcohol was complete. The polyvinyl alcohol was separated, washed with 
methanol, and dried. The product was then re-acetylated by treatment with 
40 ml (per gramme of polymer) of a mixture of acetic anhydride, acetic 
acid, and pyridine (in proportion of 15:5:1) .  The mixture was held at 
100°C for one to two days or until the dissolution of the polyvinyl alcohol 
was complete. The reconstituted polyvinyl acetate was separated by pouring 
the reaction mixture into a large excess of water. The product was washed 
with water, dissolved in benzene, and recovered by the freeze-drying tech- 
nique. 
Viscosity measurements 
The viscosity measurements were made with a modified Ubbelohde 
suspended level viscometer 1°. The capillary was 18"5 cm long, with an inside 
diameter of 0"0356 era. Flow measurements were made at 35"0 ° +0.02°C 
on benzene as solvent and at five solution concentrations so adjusted as to 
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yield values of 7~, in the range of 1'15 to 1"7. Values  of  [7], k '  and  k"  were 
ob ta ined  f rom double  plots  11'12 according to the express ions :  
7.,~/c= [,d + k',[~]2c + . . .  (1) 
and 
In '7, = [7] - k "  [112c + . . .  (2) 
c 
under  the condi t ion that  k ' + k ' = 0 - 5 0 0 + e . 0 0 2 ,  where the symbols  have  
their  usual  significance. Values  of  intr insic  viscosity and Huggins  k" a re  
l is ted in Table~ 2 and 3 for  the fract ions of  series 4 and  5. 
In  addi t ion  to  the viscosity measurements  made  under  free fal l  condi t ions,  
the viscosities of  selected l inear  and  b ranched  fract ions were s tudied over  
a range of  shear  rates f rom abou t  500 tO 5 000 sec -1. Shear  rates  above  
that  a t  free fal l  (1 920 sec -1 for  benzene) were ob ta ined  by  apply ing  a i r  
pressure to  the  top  of the l iquid in the capi l la ry  to increase the flow rate. 
Shear  rates be low that  at  free fall  were ob ta ined  by  apply ing  ai r  pressure  
to the bo t t om of  the l iquid in the capi l la ry  to  re tard flow. The  results  were 
carefully examined  for  evidence tha t  appl ica t ion  of a i r  pressure at  the  
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bet tom of the liquid in the capillary might sufficiently deform the suspended 
level to cause erroneous measurement. However, since plots of solvent flow 
time versus shear rate showed no abnormal behaviour or discontinuity, the 
technique was judged to be satisfactory for the purpose of this study. 
The water manostat used to control the air pressure was similar to that 
described by Sharman et al. 13 with the addition of a constant-head water 
supply. Flow times were reproduceable to approximately +0"2 per cent 
in the shear range indicated above. A kinetic energy correction of 20It was 
subtracted from all flow times, where t is the flow time at free fall. Con- 
sideration of the Poiseuille equation shows that the kinetic energy correction 
is essentially independent of shear rate 5. 
The maximum rate of shear at the capillary wall was used in all corre- 
lations and was calculated by the following equation 
D=rghd/2L%~, (3) 
where r and L are the radius and length of the capillary, respectively, g is 
acceleration of gravity, h is average effective height of the driving head and 
d its density, % is solvent viscosity, and q, is the relative viscosity of the 
solution. A more precise calculation for D which accounts for non- 
Newtonian flow, suggested by van Oene and Cragg 1~, was not used because 
the correction was small under the conditions of this study and would not 
have significantly altered the correlations. For  example, the correction for 
one of the most non-Newtonian cases, fraction 3-3, was only 1'5 per cent. 
Likewise, a similar correction to ,/r was omitted because the correction was 
small, about 1-5 per cent for fraction 3-3, compared to the observed changes 
in , /r .  
Light scattering measurements 
The light scattering measurements were made with a Brice-Phoenix light 
scattering photometer, model number 1410, using a cylindrical type scatter- 
ing cell with flat entrance and exit windows. The measurements were made 
with 4 358 A light, and methyl ethyl ketone was employed as the solvent, 
taking 0'080 as the value of dn/dc 15. 
The scattering data were treated according to a method of Zimm 1~. 
Values of weight average molecular weight, Mw, for selected samples are 
tabulated in Tables 2 and 3. The values of the second virial coefficient and 
radius of gyration will be considered in the third paper of this seriesL 
R E S U L T S  A N D  D I S C U S S I O N  
Characterization of fractions 
Molecular weight and polydispersity--At a given molecular weight, the 
intrinsic viscosity of a branched fraction is lower than that of the linear 
polymer as shown in Figure 1. The weight average molecular weights of 
the linear fractions are related to the intrinsic viscosities in benzene at 35°C 
by the expression 
log Mw = 5-426 + 1-48 log [,/] (4) 
The above is typical behaviour for linear and branched materials. 
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The polymer fractions are believed to be relatively narrow in molecular 
weight distribution because of the fractionation technique employed. This 
is particularly true of the secondary and tertiary fractionS It is realized; 
however, that the branched fractions must be somewhat more polydispersed 
because of the dependence of solubility on both molecular weight and 
structure. 
An estimate of the degree of polydispersity was obtained for the linear 
fractions of series 5 from the shape ofthe r_eciprocal scattering curve of the 
light scattering datalL The ratio of Mw/M, averaged about 1"1 for these 
fractions. Although this method for estimating polydispersity is not 
applicable to branched polymers, the shape of the scattering envelopes of 
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Figure /--Intrinsic viscosity in benzene at 35°C versus weight 
average molecular weight: []--branched fractions, series 4; 
O---linear fractions, series 5 
Identification of structure by hydrolysis and re-acetylation--Branching 
in polyvinyl acetate that results from chain transfer mechanisms may be 
classified as two types. Branches attached to the backbone chain via acetate 
groups are of the hydrolysable type, and branches connected directly to 
the backbone by C--C bonds are non-hydrolysable. Both types of branching 
may be minimized by polymerization at low temperature and low con- 
version. 
The decrease in intrinsic viscosity and molecular weight of the branched 
fractions of sample 4, Table 4, is a sensitive indication of the presence of 
hydrolysable branches, even for the lower molecular weight fractions which 
contain relatively few branches. The absence of a change in intrinsic viscosity 
of the linear polymer, sample 5, Table 4, establishes the absence of hydro- 
lysable branches. Since the linear polymer was prepared at low temperature 
( -  19°C) and low conversion (4-10 per cent) it is assumed that the material 
also contains no non-hydrolysable branches and is, indeed, truly linear in 
structure. 
The presence of non-hydrolysable branches in the branched material 
becomes apparent when the molecular weight of the hydrolysed and re- 
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acetylated product calculated from {,dn by equation (4) is compared to the 
molecular weight of the same product from light scattering for fractions 
4--4-2 and 4-1-1-1,  Table 4. The fact that the measured molecular weight is 
greater than the calculated value is taken as evidence of non-hydrolysable 
Table 4. Hydrolysis data a, b 
- -  4 _  
















2"26 1" 17 
1"96 1"03 
1 "39 0"89 


















a H deno t e s  p rope r t i e s  a f t e r  hydro lys i s  a n d  re-ace1 l a t ion .  
b (~4w)lt was  ca lcu la t ed  f r o m  {~]H b y  e q u a t i o n  (4). 
¢ (Mw)H× 10-6=0 '674  b y  l igh t  sca t te r ing .  
d ( M w ) H  × 10 -~ = 0"408 b y  l igh t  sca t te r ing .  
branching. Thus, while the hydrolysis technique is a sensitive means of 
detecting hydrolysable linkages, it cannot be used as a quantitative means 
of estimating the degree of branching present in branched polyvinyl acetate. 
80 k . . . . . . .  
) 
1 
O × I0-~ se¢ -1 
Figure 2--Reduced specific viscosity in benzene at 35°C versus rate 
of shear for fraction 3-3. Concentration (g/dl): (3---0.1280, 
A---0"1024, V?--0-0853, V---0"0640, x--0.0320 
Non-Newtonian viscosity behaviour of dilute solutions 
In studying the high molecular weight fractions, it was of interest to 
determine for the polyvinyl acetate-benzene system whether non-Newtonian 
behaviour affects the values of [7] and k" of the Huggins equation as they 
are normally measured in a capillary viscometer and whether it affects the 
ratio of the intrinsic viscosities of branched and linear polymers, ['I]B/I['I]L, 
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of a given molecular weight, a function that is utilized in estimating the 
degree of branching in Part I IP  of this series of papers. Furthermore, it 
was desired to examine the effects of changes in shear rate upon the 
viscosities of linear and branched fractions as a possible means for detecting 
the presence of branched structures. 
The viscosities of dilute solutions of selected linear and branched fractions 
were measured over a range of shear rates of approximately 500 to 5 000 
sec -1. A typical graph of the reduced specific viscosity, ,hp/c, versus shear 
rate, D, is shown in Figure 2. The curvature of the lines is due to the non- 
Newtonian character of the solutions. This curvature is large for polyvinyl 
acetate fractions of high molecular weight and, for a given fraction, it is 
somewhat greater at the higher concentrations. The straight line drawn 
across the curves represents the shear rates for the normal measurement at 
free fall, that is, at the shear rates produced in the particular viscometer 
with the particular solutions by gravity. Under free fall conditions, the more 
concentrated or more viscous solutions are subjected to relatively lower 
shear rates. This situation, as has been pointed out by Conrad et aL as, 
causes an increase in the slope of the ~,p/c versus c plot and thus results in 
an increased value of k'. 






0"1/~ ~ /%X--Free fall 
0.12 
o ,  1'0 2'0 3'0 10 7'0 so 
Figure 3--Reciprocal reduced specific viscosity in benzene at 35°C versus 
square root of shear rate for fraction 3-3. Concentration (g/dl): 0--4). 1280, 
A---4)'1024, E]--4)'0853, V--0'0640, x---0"0320 
In order to establish a reference point, Dr L. H. Cragg suggested the plot, 
c/n,p versus D 112, Figure 3, which provides a means of extrapolation to 
the hypothetical condition of zero shear rate. The slopes of the lines for 
the several concentrations, Jo are measures of the shear sensitivity of the 
solutions or the degree of their non-Newtonian character. The lines are 
represented by the equation 
(~1~ / c)%~o =o = (TI*p / c)'~,~o - ] ,  Da I= 
For the low concentrations employed, it was found that Jc is a linear function 
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of concentration (graph not shown). Extrapolated values of Jc=c are listed 
in Table 5. It was also observed that a plot of the shear rates at free fall 
condition versus concentration yielded a straight line from which the shear 
rate at infinite dilution under free fall was found to be 1 920 sec -1, or the 
value calculated for the solvent. With this information, equation 5 at zero 
concentration becomes 
[ ' -~  - [  ]-x - 1  920-a/2J,-0 (6) ~/lo=c-- ~/D=i020 
where [r/]D=~920 is the intrinsic viscosity determined at infinite dilution and 
as the shear rate approaches that of pure solvent, i.e. the usual free fall 
intrinsic viscosity. Thus equation (6) provides the means for estimating the 
intrinsic viscosity at zero shear rate from the values of the intrinsic viscosity, 
[,try, as normally measured under free fall conditions. The calculated values 
of ['7]o=o, recorded in Table 5, are useful as points of reference in comparing 
1.0( ~ , .  o ' ' ' ' ' ' 
\ 
\ 0.91 : 8 
Figure 4--Shear  rate 
sensitivity versus weight ~ 0.9 
average molecular weight: "-E • 
tD~ C~-linear fractions, series "~k • ~-  
1 and 2; A--branched ~_ 
fractions, series 3; EL- ~_ 0 8 ~  4 
branched fractions, series %~; 
4 0.8~; 2 
OBO 'I' , 0 
60BI 2 3 4 6 10 20 30 
IC/wx 10 -6  
the effects of rate of shear encountered in routine measurements upon the 
viscosity properties of the linear and branched fractions. It is not suggested 
that they would be identical with results obtained by measurements at very 
low shear rates. 
As noted in connection with Figure 2, the non-Newtonian character of 
the solutions of the high molecular weight fractions causes a marked 
reduction in the intrinsic viscosity and a moderate increase in k'. The degree 
of non-Newtonian character or shear sensitivity is reflected in ]c=o and the 
ratio ['/]rF/['/]~=o. These variables are plotted against M._..~ in Figure 4. It is 
evident that the shear sensitivity varies directly with Mw regardless of the 
presence of branching. Based on this information, the percentage change of 
[,fiFe with respect to ['fl~,=0 can be calculated. A 5 per cent decrease in the 
value of [?]rr occurs at a Mw of 2 x 106. 
In Figure 5, the plot of the shear sensitivity function, ]c=0, versus Huggins 
k' shows the existence of a direct relationship between the two variables 
which, again, is insensitive to the presence of branching. Since ]c=0 is a 
direct function of molecular weight (Figure 4) it must be concluded that 
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molecular weight makes a significant contribution to the observed value 
of k'. A gradual increase in k' with increasing molecular weight is seen in 
Figure 6. However, a few values of k" do lie substantially above the band 
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k' 
Figure 5--Shear rate sensitivity versus Huggins k ' :  O - -  
linear fractions, series 1 and 2; A--branched fractions, 
series 3; D---branched fractions, series 4 
of points in Figure 6, and it may be that k' is increased by certain types of 
molecular structure in branched polyvinyl acetate, as well as by molecular 
weight or non-Newtonian behaviour. 
The ratio ['/]B/[~/]L at a given molecular weight is useful in estimating 
the degree of branching, for example, by the method of Stockmayer and 
Fixman 1". While the individual values of [~/]B and [,ill may be reduced by 
measurement at shear rates other than that of zero, the ratio is little changed, 
O.Z.2. , 1 , ] , , , ] 
0"40[ ~ Z~ 
I n A A 
0.381 - o . . . . . . . . . . .  
i ....... ~ .... 6 - ~ ~ .......... m 
0 . . . . . .  
032i oO o q 
030 i I i i , t , , I / 
0 4  0'6 0"8 1 2 4 6 8 10 20 
/~.,xlO -6 
Figure 6--H~ggins k" versus weight average molecular weight: 
O---linear fractions, A--randomly branched fractions, EL-- 
comb-shaped branched fractions 
at least for the polyvinyl acetate-benzene system of this study. This results 
because of the strong dependence of shear sensitivity on molecular weight 
as shown in Figure 4. Thus, the ratio [,fl,/[,/]L. as normally determined from 
measurements made under free fall conditions, will be useful for the 
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estimation of the degree of branching for both Newtonian and non- 
Newtonian solutions. 
E 
( 7 1  
x 
o 4  
0 2 
i r i i 
/ / / / ~  
[~]p~_,dt/g 
Figure 7---Shear rate sensitivity 
versus intrinsic viscosity in benzene 
at 35"C: ©-- l inear  fractions, series 
1 and 2; A--branched  fractions, 
series 3; [l---branched fractions, 
series 4 
In Figure 7 it may be seen that the shear sensitivity of the branched 
fractions increases more rapidly with [,fl than does that of the linear 
fractions. This is a consequence of the fact that the molecular weight of 
the branched fractions changes more rapidly with [7]. It would be possible, 
although tedious, to detect branching in polyvinyl acetate from viscosity 
data obtained over a range of shear rates without supplementary information 
regarding molecular weight. If 1,=o for the sample of unknown structure 
were obtained and the Jc=o versus [7] curve of Figure 7 were established 
for linear fractions, then the ratio of Jc=0 for the unknown to J,=o of the 
linear polymer having the same value of [7] could be obtained. Values of 
the ratio greater than unity would indicate the presence of branching. 
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